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Introduction {#sec0005}
============

Arboviruses transmitted by mosquitoes have been expanding their global distribution in recent years, and new viruses, such as chikungunya and Zika, have emerged and spread globally \[[@bib0005]\]. This expansion is thought to be attributed to a combination of increased urbanization, global travel, and environmental changes associated with increasing temperatures and changing precipitation patterns \[[@bib0010]\]. That the latter of these is driving arbovirus expansion is not unexpected: mosquitos are ectotherms that depend upon water sources to complete their life cycles, so temperature, precipitation, and humidity play critical roles in the mosquito-vectored arbovirus transmission cycle \[[@bib0015], [@bib0020], [@bib0025]\]. Global surface temperatures have increased by 0.8--1.2°C above pre-industrial levels, and precipitation data show uncharacteristically extreme variations in rainfall \[[@bib0030],[@bib0035]\]. Because of this, the global landscape of mosquito-borne arboviruses is being transformed as suitability for mosquito populations and the viruses they transmit changes. Autochthonous transmission of mosquito-borne arboviruses is occurring more frequently in subtropical and temperate regions, occurring at higher elevations in tropical regions, and becoming increasingly more intense in endemic regions, leading to larger outbreaks \[[@bib0040],[@bib0045],[@bib0050]\]. In the present work, we investigate recent emergence and expansion of arboviruses transmitted by the anthropophilic mosquito species *Aedes aegypti* (and in some case the secondary vector *Aedes albopictus*) as a case study for environmentally driven arboviral expansion. We first describe known relationships among meteorological variables, mosquitoes, and arboviruses. We next describe the ongoing global expansion of dengue as it relates to climate and discuss the novel outbreaks of chikungunya and Zika virus that began in 2013 and 2015, respectively. We discuss recent arbovirus activity in the temperate Argentinian city of Córdoba, where the emergence of dengue began in 2009 and has been ongoing. Finally, we review recent work aimed at better understanding the impacts of climate and changes thereof on present and future arbovirus activity and highlight gaps in empirical and modeling studies that could help us better understand the future of arbovirus transmission under a changing climate.

Arboviruses, mosquitoes, and climate {#sec0010}
====================================

Dengue (DENV serotypes 1--4), Zika (ZIKV), and chikungunya (CHIKV) viruses are transmitted to people primarily by the female *Ae. aegypti* mosquito \[[@bib0055]\]. *Ae albopictus* has been implicated as a secondary vector in the transmission of all three arboviruses as well \[[@bib0055]\]. These viruses cause a significant and growing burden of febrile illness in people worldwide. Severe clinical manifestations of dengue fever, although less common, can result in hemorrhage, shock, and death in some cases \[[@bib0060]\]. CHIKV infections are characterized by fever and severe arthralgias, with increasing evidence of fatal complications \[[@bib0065]\]. ZIKV was designated by the World Health Organization as a Public Health Emergency of International Concern in 2016 after congenital and neurological complications were associated with infections \[[@bib0070]\]. Co-infections are common, and differential diagnosis is difficult in the absence of molecular diagnostics (e.g., PCR) due to similar clinical presentation \[[@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100], [@bib0105]\]. No specific therapeutic treatment is available for these arboviruses, and vector control remains the primary public health intervention to prevent and respond to epidemics. A DENV vaccine is available in some countries; however, it is recommended to be used only for seropositive individuals older than nine years \[[@bib0110]\].

Temperature plays an important role in the transmission of arboviruses, due to nonlinear effects on mosquito physiology, which affect rates of development and mortality in *Aedes* mosquitos \[[@bib0025],[@bib0115],[@bib0120]\]. Temperature also regulates viral incubation in the mosquito vector, with optimal warm temperatures reducing the extrinsic incubation period \[[@bib0125],[@bib0130]\]. Understanding the effects of rainfall on arbovirus transmission is more complex and depends on the local social-ecological context. The *Ae. aegypti* mosquito prefers to breed and lay eggs in containers that hold water, often in and around the home, where female mosquitoes blood feed on people. Increases in rainfall can increase vector populations due to an abundance of rain-filled containers around dwellings \[[@bib0135]\]. However, drought conditions and water scarcity can also increase vector populations if people begin to store water in containers around the home \[[@bib0140]\].

Numerous studies have looked at the links among temperature, *Aedes* populations, and arbovirus transmission. Mechanistic models based on mosquito thermal biology suggest that DENV transmission occurs optimally at 28.1°C in *Ae. aegypti,* and 26.4°C in *Ae. albopictus* \[[@bib0145]\]. Other studies have examined suitability of habitats for *Aedes* mosquito expansion and potential of regions to support arbovirus transmission under current climate conditions and predicted climate change scenarios \[[@bib0050],[@bib0150],[@bib0155]\]. A recent study in Ecuador determined that *Ae. aegypti* will expand its range into higher elevations of the Andean foothills, estimated to affect 4215 km^2^ of new territory and 12 000 people under the most extreme scenario of climate change by 2050 \[[@bib0160]\]. Similar elevational range expansions are to be expected throughout the tropical Andes, increasing the population at risk of arboviral infections. Although arboviral disease burden is expected to worsen globally, some of these models suggest that transmission of arboviruses may decrease in tropical regions due to temperatures that become too warm to sustain mosquito populations \[[@bib0050],[@bib0145]\]. It is also possible that local mosquito populations may evolve to be better adapted to changing climate conditions.

Expansion of DENV {#sec0015}
=================

DENV re-emerged in the Americas during the 1980s and 1990s, with all four serotypes (DENV1-4) co-circulating and causing major epidemics in urban areas throughout the region \[[@bib0165]\]. In the past two decades alone, dengue has expanded its range beyond subtropical and tropical regions of the globe, with autochthonous transmission and outbreaks occurring in parts of the United States, southern Europe, Uruguay, central Argentina, and Australia \[[@bib0170], [@bib0175], [@bib0180], [@bib0185], [@bib0190], [@bib0195], [@bib0200]\]. In the United States, outbreaks have occurred in Hawaii, southern Florida, and along the Mexico-Texas border \[[@bib0170],[@bib0175],[@bib0190],[@bib0205]\]. In Europe, a large outbreak of dengue was reported in Madeira, Portugal in 2012--2013, with DENV likely originating from Venezuela \[[@bib0185],[@bib0210]\]. Autochthonous transmission has also been reported for the first time in southern France and Croatia \[[@bib0180],[@bib0195]\]. In South America, autochthonous dengue transmission was reported in subtropical regions of Argentina in 1997 and Uruguay in 2016 for the first time since *Ae. aegypti* was though to to be eliminated in the 1960s \[[@bib0200],[@bib0215]\]. Today, *Aedes* populations are found throughout Europe, the temperate Southern Cone of South America, and the United States, and the threat of importation of *Aedes* populations, and potentially the arboviruses transmitted by the mosquito vectors, is rising with increases in global travel and as the climate becomes more suitable for transmission.

In endemic populations, dengue outbreaks are increasing in frequency and magnitude. In 2019, much of tropical and subtropical parts of the world experienced increases in dengue transmission that surpassed orders of magnitude. The Americas are currently reporting a resurgence of DENV, with 3 139 335 cases of dengue fever reported by the Pan American Health Organization (PAHO) in 2019 alone, the highest number of cases ever reported in a single year in the Americas \[[@bib0220]\]. Over two million cases were reported from Brazil alone; however, the highest incidence rates were reported from countries in Central America (Nicaragua, Belize, Honduras) \[[@bib0220]\]. This resurgence continues in 2020, with PAHO reporting over 1.6 million cases to date (EW 24). Argentina is currently experiencing its largest dengue epidemic on record, with more than 78,000 cases from EW 31 in 2019 to EW 20 in 2020, according to the National Epidemiological Reports of the Ministry of Health; approximately half of the cases are from the central temperate region \[[@bib0335],[@bib0340]\].

Emergence of CHIKV and ZIKV {#sec0020}
===========================

In 2013, CHIKV emerged in the Caribbean and spread rapidly throughout Central and South America \[[@bib0225]\]. Both *Ae. aegypti* and *Ae. albopictus* were implicated in the transmission of CHIKV \[[@bib0230]\]. The expansion of both vectors due to meteorological extremes is also a likely factor in the rapid spread of chikungunya, as a number of outbreaks followed extreme rainfall events \[[@bib0235],[@bib0240]\]. Furthermore, the year 2014 was the first in a sequence of years that are now listed as the warmest years on record \[[@bib0245]\]. A large outbreak of chikungunya was reported in Italy, with over 300 cases reported, and autochthonous transmission was also reported in France \[[@bib0250],[@bib0255]\]. In the Americas, over 1.1 million cases were reported in 2014 \[[@bib0260]\].

Beginning in 2015, ZIKV emerged and spread with extreme intensity throughout the Americas. Between 2015--2016 laboratory-confirmed and suspected cases were reported from 87 countries and territories worldwide, with over 750 000 cases reported from the Americas alone \[[@bib0265],[@bib0270]\]. Autochthonous ZIKV transmission was reported in southern Florida, France, and Argentina---regions at the edge of the historical range of arbovirus transmission \[[@bib0265]\].

Case study of Córdoba, Argentina {#sec0025}
================================

A region of notable *Ae. aegypti* and DENV emergence is the temperate Southern Cone of South America. Early cases of dengue fever were reported in Argentina in 1916, and no cases were reported for 80 years \[[@bib0215]\]. *Ae aegypti* was eliminated from all of Argentina in 1963 following aggressive vector control campaigns in response to the yellow fever pandemic; however, the vector became re-established in its historic range and has spread into new southern latitudes. By 1986, the vector was detected in the northeast subtropical region, and in 1997 the first autochthonous cases were confirmed in northwestern Argentina \[[@bib0215]\].

*Ae aegypti* was detected in the city of Córdoba, Argentina, for the first time in 1995. The city has a population of about 1.4 million and is located in the central region of the country (31.4°S, 64.2°W). Córdoba has a temperate climate with warm rainy summers (November--March), and cool, dry winters (June--September). Of note, the Ministry of Health has not detected vector activity during the winter months, thus suggesting that local arbovirus transmission requires annual importation of the virus, likely from people traveling to endemic regions \[[@bib0275]\].

In 2009, Córdoba experienced its first dengue epidemic on record, with 130 total cases reported \[[@bib0275]\]. In 2013, 2015, and 2016, Córdoba experienced epidemics of increasing magnitude, with 822 cases of dengue reported in 2016 ([Figure 1](#fig0005){ref-type="fig"} ). The city is currently experiencing the largest dengue outbreak on record, with more than 7,500 cases reported from EW 31 in 2019 to EW 24 in 2020 \[[@bib0340]\]. In 2014 and 2016 imported cases of CHIKV and ZIKV, respectively, were first reported in Córdoba, although no vector-borne autochthonous transmission has been reported for either virus. Imported DENV cases were noted from the northern provinces of Argentina and neighboring dengue endemic countries (Brazil, Bolivia, and Paraguay) \[[@bib0275]\].Figure 1Meteorological anomalies and autochthonous dengue transmission data from Córdoba, Argentina for the period 01 July 2008 --31 June 2017. **(a)** Deviation of mean monthly precipitation (anomalies) from the thirty-year monthly precipitation average for a given month. **(b)** Deviation of mean monthly minimum temperature (anomalies) from the thirty-year monthly minimum temperature average for a given month. **(c)** Number of new autochthonous dengue cases reported each month. All thirty-year averages and monthly anomalies were calculated from 1987--2017 using daily climate data from the Observatory meteorological station (31.42° S, 64.20° W) provided by the National Meteorological Service of Argentina. Dengue cases were extracted from weekly epidemological bulletins provided by the Argentina Health Secretary.Figure 1

Following the first outbreak, a robust entomological surveillance study was initiated in 2009, allowing for monitoring of vector dynamics during the first 10 years of arbovirus emergence \[[@bib0280]\]. A recent analysis of *Ae. aegypti* from this surveillance study, dengue cases and local climate in Córdoba revealed significant increases in *Ae. aegypti* population size between 2010 and 2017. Oviposition and larval abundance were significantly positively correlated with mean temperature in the same month. Monthly anomalies in minimum temperature, calculated using a thirty-year base period (1987--2017), indicate that this period of dengue emergence has been characterized by warmer than average temperatures, with 60% of months (65 of 108) warmer than the long term average of a given month ([Figure 1](#fig0005){ref-type="fig"}b). Each of the outbreaks has been preceded by extreme meteorological events ([Figure 1](#fig0005){ref-type="fig"}). Outbreaks in 2015 and 2016 followed extreme precipitation events where monthly precipitation reached a peak of 8.90 and 11.13 mm, respectively, above monthly averages ([Figure 1](#fig0005){ref-type="fig"}a,c). Outbreaks in 2013 and 2016 followed closely after periods in which the monthly mean minimum temperature was as much as 3°C higher than monthly averages, and the 2009 and 2015 outbreaks occurred during periods in which the monthly mean temperature was 2--3°C higher than monthly averages ([Figure 1](#fig0005){ref-type="fig"}b,c). The current 2020 epidemic is an order of magnitude greater than outbreaks previously experienced. However, it is hypothesized that the epidemic has grown due to the increased time that people are spending in their homes, exposed to *Ae. aegypti*, due to mandatory quarantine during the COVID-19 pandemic. Climate and other non-climate co-variates that may have increased the likelihood of the current epidemic also need to be explored.

Ongoing research in Córdoba continues to assess the role of climate in mosquito-borne disease emergence at a local level over a long-term period. Although meteorological anomolies have been associated with each of the dengue outbreaks in the last decade, it is difficult to find significant relationships between climate and dengue transmission in a period of initial emergence with four outbreaks across ten years. It is, however, possible with the available data to begin exploring the effects of climare variability and extreme climate events on arbovirus transmission, and, as we have done here, use the results of this exploration to inform future studies aimed at finding signficant links between climate and arbovirus transmission. Córdoba is among a short list of places where an actively emerging arbovirus can be carefully studied and may provide important insights to understanding the emergence of arboviruses globally.

Conclusions {#sec0030}
===========

With concerns of continued global expansion of arboviruses driven by climate change, much effort has been placed on developing a better understanding of which regions of the world are at risk today and in the future. Many mathematical and statistical studies have investigated the potential for dengue and related arboviruses to emerge in naive populations as a result of global rises in surface temperatures \[[@bib0285]\]. Studies have emphasized the connection between climate and dengue and predicted the potential for expansion of both the vectors and the arboviruses into regions at the margins of transmission that are currently deemed unsuitable for arbovirus transmission \[[@bib0050],[@bib0290],[@bib0295],[@bib0300]\]. Region-specific studies have predicted the potential for greater suitability for arbovirus transmission in some major U.S. cities \[[@bib0305]\], rural and southern regions of Brazil \[[@bib0310]\], and central and western regions of China \[[@bib0315]\], among others.

Although multiple studies have been conducted at the global scale, there are a dearth of local longitudinal studies in zones of current and future arbovirus emergence. The recent work investigating the impacts of climate on dengue in Córdoba is among the few longitudinal studies that aim to connect dengue emergence with temperature and precipitation in a temperate region. While global analyses are informative, it is local analyses that underscore the evidence that climate and arbovirus transmission are closely linked. Studies aimed at detecting arbovirus emergence and investigating links between transmission and climate are vital to our ability to understand, predict, and respond to emergence events \[[@bib0320],[@bib0325]\]. In a recent study, health sector stakeholders from the Caribbean have highlighted the urgent need for more local studies linking climate and arboviral disease---without this information, they are limited in their ability to take informed actions to adapt to a changing climate \[[@bib0330]\].

Additional empirical, modeling, and statistical studies are imperative for developing a better understanding of the links between climate and arbovirus transmission, particularly in regions at the margin of arbovirus emergence. In addition, resources are needed to strengthen entomological and epidemiological surveillance by the public health sector in regions of emergence, and the establishment of sentinel surveillance sites in zones of likely future emergence.
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